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ABSTRACT
We report the detection of γ-ray emission coincident with three supernova remnants (SNRs) using data from
the Large Area Telescope on board the Fermi Gamma-ray Space Telescope. W41, G337.0–0.1, and MSH 17–
39 are SNRs known to be interacting with molecular clouds, as evidenced by observations of hydroxyl (OH)
maser emission at 1720 MHz in their directions and other observational information. SNR shocks are expected
to be sites of cosmic ray acceleration, and clouds of dense material can provide effective targets for production
of γ-rays from pi0-decay. The observations reveal unresolved sources in the direction of G337.0–0.1, and
MSH 17–39, and an extended source coincident with W41. We model their broadband emission (radio to γ-
ray) using a simple one-zone model, and after considering scenarios in which the MeV-TeV sources originate
from either pi0-decay or leptonic emission, we conclude that the γ-rays are most likely produced through the
hadronic channel.
Subject headings: acceleration of particles — cosmic rays — gamma rays: ISM — ISM: individual (W41,
MSH 17–39, G337.0–0.1) — ISM: supernova remnants
1. INTRODUCTION
One hundred years after being detected for the first time,
the detailed nature of Galactic cosmic ray (CR) accelera-
tion is yet to be definitely understood. The observational
evidence supporting diffusive shock acceleration (DSA) at
SNR shocks as the primary origin of Galactic CRs is re-
viewed in Reynolds (2008), and includes the detection of non-
thermal X-ray emission from young shell-type SNRs, such
as RX J1713.7-3946 (Koyama et al. 1997; Slane et al. 1999),
and Vela Jr. (Aschenbach 1998; Slane et al. 2001). These
X-rays are believed to be synchrotron radiation from elec-
trons accelerated to TeV energies at the SNR shock. Obser-
vations of γ-ray emission in the very high energy (VHE) γ-
ray range from some SNRs also support the scenario where
particles are being accelerated to energies approaching 1015
eV in these objects (Muraishi et al. 2000; Aharonian et al.
2004; Katagiri et al. 2005). It has proven difficult to de-
termine, however, whether these high energy photons result
from leptonic emission mechanisms (inverse Compton scat-
tering or non-thermal bremsstrahlung emission), or from rel-
ativistic hadrons interacting with the ambient medium (e.g.
Ellison et al. 2010; Inoue et al. 2012).
Studies of the hydrodynamic evolution of SNRs and the
properties of the shocked medium and ejecta have also helped
characterize CR production. The X-ray morphologies of Ty-
cho’s SNR and SN 1006 indicate that the shock compression
ratios in these objects are higher than expected due to effi-
cient particle acceleration at their shocks (Warren et al. 2005;
Cassam-Chenaï et al. 2008). Postshock plasma temperatures
estimated from observations of SNRs 1E 0102.2-7219 and
RCW 86 are cooler than those expected from the shock ve-
locities measured, also suggesting that a significant fraction
of their explosion energy has been placed in relativistic parti-
cles (Hughes et al. 2000; Helder et al. 2009).
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The interaction of CRs with regions of high-density mate-
rial is expected to result in γ-ray emission from the decay of
neutral pions generated by proton-proton interactions, as sug-
gested in Claussen et al. (1997). The spectral energy distri-
bution from this emission process is characterized by sharply
rising in the∼ 70 − 200 MeV range, and tracing the parent ac-
celerated ion population above∼ 1 GeV (Kamae et al. 2006).
Hence, when searching for signatures of CR acceleration in
remnants, those with shocks believed to be propagating into
molecular clouds (MC) make an excellent laboratory. Recent
observations with the Fermi Large Area Telescope, as well as
AGILE/GRID, have shown that SNR–MC systems are an im-
portant class of MeV-GeV γ-ray sources, also suggested by
correlation studies carried out by Hewitt et al. (2009). Since
its launch in 2008, Fermi-LAT has allowed successful de-
tections of several such systems in the MeV-GeV energy
range, such as SNRs W51C (Abdo et al. 2009c), G349.7–
0.5, CTB 37A, 3C 391, and G8.7–0.1 (Castro & Slane 2010).
Recently, observations of the SNR W44 with AGILE/GRID
combined with Fermi-LAT data led Giuliani et al. (2011) to
conclude that the characteristics of the resulting spectrum in-
dicate the γ-ray emission originates from pi0-decay of CR
hadrons interacting with ambient material. Moreover, stud-
ies of SNRs IC443 and W44 by Ackermann et al. (2013)
extended the spectral information gathered with Fermi-LAT
down to 60 MeV, allowing the pi0-decay feature to be clearly
traced, and thus identifying the γ-ray emission as predomi-
nantly hadronic in origin. In contrast, observations of SNRs
RX J1713.7-3946 and Vela Jr. with Fermi-LAT together with
broadband data have been used to argue that the γ-rays de-
tected in their direction are produced through leptonic pro-
cesses (Abdo et al. 2011; Ellison et al. 2010; Lee et al. 2013).
SNRs W41, G337.0–0.1, and MSH 17–39 show evidence of
shock interaction with dense local molecular clouds. In this
paper we study the γ-ray emission in the direction of these
SNRs, and establish constraints on the nature of these systems
through modeling of their broadband spectra. We report the
detection of three Fermi-LAT sources coincident with these
supernova remnants, and on the results of our detailed study
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of γ-ray emission in their regions.
2. OBSERVATIONS AND DATA ANALYSIS
Data from 52 months of observations with the Fermi Gamma-
ray Space Telescope Large Area Telescope (Fermi-LAT)
(from 4 August, 2008 until 30 November 2012) were obtained
and studied in this work. Exclusively, events belonging to the
Pass 7 V6 Source class, selected to reduce the residual back-
ground rate as explained in detail in Ackermann et al. (2012),
have been used in the analysis presented. The updated in-
strument response functions (IRFs) used are “Pass7 version
6”, obtained using data gathered since the launch of the ob-
servatory (Rando & for the Fermi LAT Collaboration 2009;
Ackermann et al. 2012). Only events from zenith angles φ >
100◦ are selected so as to reduce the terrestrial albedo γ-ray
flux (Abdo et al. 2009b). The analyses of each of the SNRs
include data from circular regions of the sky centered on each
object, with radius 25◦.
The γ-ray data in the direction of the SNRs of interest are
analyzed using the Fermi Science Tools v9r27p13. We em-
ploy the maximum likelihood fitting technique, and use gt-
like to constrain the morphological and spectral characteris-
tics of each region (Mattox et al. 1996). The source models
incorporated in the gtlike analyses include a Galactic diffuse
component, which results from the interactions of the field
of cosmic rays with interstellar material and photons, and an
isotropic component that accounts for the extragalactic dif-
fuse and residual γ-ray backgrounds. To this effect we use the
mapcube file gal_2yearp7v6_v0.fits to describe the
γ-ray emission from the Milky Way, and model the isotropic
component using table iso_p7v6source.txt, both of
which can be obtained from the Fermi Science Support Cen-
ter.
To understand the spatial properties of the γ-ray radiation
in the field of W41, G337.0–0.1, and MSH 17–39, we use
Fermi-LAT data in the energy range 2 to 200 GeV, and select
only events detected in the front section of the instrument.
This allows for a good compromise between photon numbers
and spatial resolution, since the 68% containment radius an-
gle for normal incidence front-selected photons in this energy
band is ≤ 0.3◦, and much larger for photons with lower en-
ergies. Galactic and isotropic backgrounds are modeled and
test statistic (TS) maps are constructed through gttsmap, and
hence the detection significance is estimated for each of the
objects. This is also useful for evaluating the position and
possible extent of each source. The test statistic is the log-
arithmic ratio of the likelihood of a point source being at a
given position in the sky, to the likelihood of the model with-
out that additional source, 2log(Lps/Lnull).
The γ-ray spectral energy distribution (SED) characteris-
tics of the sources coincident with each supernova remnant
studied are determined using events converted in both front
and back sections, and for photons within the energy range
0.2-204.8 GeV. The lower energy limit is chosen because the
effective area of the instrument at low energies changes very
rapidly with energy, and because of the large uncertainty in
the Galactic diffuse background below 200 MeV. gtlike is
used to model the γ-ray flux in each of the 10 logarithmically
spaced energy bins and estimate, through the maximum like-
lihood technique, the best-fit parameters for all the sources
3 The Science Tools package and support documents are dis-
tributed by the Fermi Science Support Center and can be accessed at
http://fermi.gsfc.nasa.gov/ssc
modeled. Background sources from the 24-month Fermi LAT
Second Source Catalog (Nolan et al. 2012)4 have been con-
sidered in the model likelihood fits. For the IRFs used in
our study, the systematic uncertainties of the effective area,
vary with energy: 10% at 100 MeV, decreasing to 5% at 560
MeV, and increasing to 20% at 10 GeV (Abdo et al. 2009a;
Nolan et al. 2012, and references therein). In addition to the
statistical uncertainties associated with the likelihood fits to
the data, and the systematic errors related to the IRFs, the un-
certainty of the Galactic diffuse background intensity is con-
sidered. To take this into account in the total systematic uncer-
tainties we vary the normalization of the Galactic background
by ±6% from the best-fit values at each of the energy bins
and estimate the flux from the object of interest using these
new artificially frozen values of the background, as outlined
in (Castro & Slane 2010).
2.1. W41
The supernova remnant W41 (G23.3-0.3) is observed as
an asymmetric partial radio shell, nearly overlapping SNR
G22.7-0.2, which is located to its south (Kassim 1992). The
Very Large Array Galactic Plane Survey (VGPS) observations
at 1420 MHz reveal an angular size for W41 of 36′× 30′,
and combined with the 330 MHz study from Kassim (1992),
yield a spectral index lower limit of –0.43 (Tian et al. 2007).
Green et al. (1997) report the detection of emission at 1720
MHz from this SNR, yet it was not confirmed as maser
emission with their subsequent high resolution interferome-
ter studies. Albert et al. (2006) observed a giant molecular
cloud (GMC) coincident with this region, by studying the
12CO data. Emission spectra from 13CO shows that a GMC,
at velocity 77 km s−1, is detected over the projected extent of
the SNR.
Observations in the TeV range with HESS have revealed
a bright source, HESS J1834–087, 12′ in diameter, position-
ally coincident with W41 (Aharonian et al. 2006). Addition-
ally, XMM-Newton observations reveal diffuse X-ray emis-
sion coincident with the HESS source (Tian et al. 2007). The
coincidence between the CO data, the X-ray emission and
the TeV source suggest that the interaction between the SNR
shock and the GMC, where the shock-accelerated hadrons
interact with the dense material and undergo pi0-decay, is
the origin of the γ-ray emission. Using this association,
Leahy & Tian (2008) establish a kinematic distance to W41 of
d = 3.9 − 4.5 kpc, using 13CO observations of the GMC. Sub-
sequent studies with XMM–Newton, Chandra and Swift have
detected X-ray point sources coincident with HESS J1834–
087 (Mukherjee et al. 2009; Misanovic et al. 2011), including
a magnetar, Swift J1834.9–0846 (D’Elia et al. 2011). Addi-
tionally, there is a radio-detected pulsar located ∼ 20′ NW of
the center of W41 (Gaensler & Johnston 1995). We discuss
the nature of these sources and possible relation to the Fermi-
LAT and HESS detected emission in §3.2.2.
The smoothed count map from the Fermi-LAT data, in the
region surrounding W41, is shown in Figure 1 (left and middle
panels). The TS contours clearly show that the emission is
coincident with the radio extent of the remnant. The Fermi
LAT source 2FGL J1834.3–0848 is also coincident with W41,
and its position is shown in Figure 1 (middle panel). This
source is reported to have an estimated power law index Γ =
4 The data for the 1873 sources in the Fermi LAT Second Source
Catalog is made available by the Fermi Science Support Center at
http://fermi.gsfc.nasa.gov/ssc/data/access/lat/2yr_catalog/
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Figure 1. The left and middle panels show count maps of front converted events in the range 2 to 200 GeV around SNR W41. Units are 104counts deg−2 , the
pixel binning is 0.01◦, and the maps are smoothed through convolution with a Gaussian distribution of width 0.2◦. The left panel shows a 10◦ × 10◦ region,
where grey circles indicate the positions of 2FGL catalogued sources in the field (Nolan et al. 2012), and the white square shows the 1◦×1◦ region shown in the
middle panel. The black contours show the radio emission, from VGPS observations at 1420 MHz. The white cross represents the position of the catalogued γ-ray
source 2FGL J1834.3–0848 (Nolan et al. 2012), and the green circle shows the approximate TeV γ-ray extension of HESS J1834–087. The green box shows the
position of the old pulsar PSR J1833-087 (Gaensler & Johnston 1995), the cyan circle encloses the position of the hard X-ray sources detected within the central
region of W41 (Mukherjee et al. 2009; Misanovic et al. 2011), and the cyan cross marks the position of the magnetar Swift J1834.9–0846(Kargaltsev et al. 2012;
Younes et al. 2012). The white curves show the TS= 49 and TS= 64 contours (which correspond to significance 7σ and 8σ). The right panel shows the Fermi LAT
spectral energy distribution of the source coincident with SNR W41. Statistical uncertainties are shown as black error bars, and systematic errors are indicated
by red bars. The solid line represent the best-fit powerlaw model to the data.
2.4±0.2 and flux 7.9±0.7×10−11 erg cm−2 s−1, in the 0.1 to
100 GeV energy range (Nolan et al. 2012).
The possible extension of this source was further explored
by comparing the overall likelihood obtained with gtlike for
spatial models of the emission from W41 as disk templates
spanning several sizes (rdisk = 6′−12′−18′−24′) with the like-
lihood of the point source model. As illustrated in figure 2,
where the test-statistic values for each disk size are shown,
the extended templates are more successful at fitting the ob-
servations than the point source model, with TS peaking at
∼ 70 for the 20′ disk. Hence, we conclude that while we can-
not rule out a point-like emission model, the morphology of
the γ-ray source is possibly as extended as the SNR.
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Figure 2. Logarithmic ratio between the likelihood of disk-like spatial dis-
tributions of emission in the direction of W41 and the likelihood of a point-
source description (test statistic of a disk template), as a function of disk
radius. The distribution peaks at 20′, and its TS value suggests the γ-ray
source is significantly extended.
The spectrum of the γ-ray emission is shown in Figure 1
(right panel), where the best-fit power law model to the data is
also presented. For energies above 25.6 GeV only flux upper
limits are determined from the data. The best-fit model to the
photon distribution yields a spectral index of Γ = 2.2± 0.2,
and an integrated flux between 100 MeV and 100 GeV of
Fγ ≈ 9.8× 10−8(7.7× 10−11) photons/cm2/s (erg/cm2/s). Us-
ing the kinematic distance estimated, 4.2 kpc, the luminosity
in this bandpass is Lγ ≈ 2× 1035 erg/s.
2.2. G337.0–0.1
The small diameter SNR G337.0–0.1, together with several
H II regions, forms the CTB 33 complex. ATCA continuum
observations at 1380 MHz reveal that G337.0–0.1 has a non-
thermal spectrum, with spectral index -0.6, and shell-like mor-
phology (Sarma et al. 1997). Observations at 8.9 GHz by
these authors reveal no (H90α) emission, the recombination
line produced by the transition between the n=91 and n=90
levels of hydrogen atoms and usually associated with ther-
mal radio emission sources such as H II regions. Frail et al.
(1996) detected three OH(1720 MHz) maser spots in the di-
rection of the CTB 33 complex, all with velocities ∼ 70 km
s−1, one of which is directly coincident with G337.0–0.1. The
non-thermal radio spectrum, combined with the recombina-
tion and maser information strongly points to the conclusion
that G337.0–0.1 is a supernova remnant. The velocity of the
maser emission, together with recombination line information
from H II region G337.1-0.2, which is believed to be associ-
ated with G337.0–0.1, place the SNR-H II region system at a
distance of 11 kpc (Sarma et al. 1997).
Woods et al. (1999) report the observation with BATSE of
a soft gamma repeater (SGR), SGR 1627-41, and its rough
location suggests an association with SNR G337.0–0.1. The
follow up X-ray observations of the region by these authors
with BeppoSAX also reveled the source SAX J1635.8-4736
consistent with the SNR position.
Figure 3 (left and middle panels) display Fermi LAT
smoothed count maps of the region surrounding the CTB 33
complex, in the 2-200 GeV energy range. The overlaid TS
contours suggest the γ-ray emission in the region is asso-
ciated with G337.0–0.1. Additionally, the Fermi LAT First
Source Catalog includes the source 2FGL J1636.4–4740, lo-
cated at close proximity to G337.0-0.1. This 2FGL source
is estimated to have distribution index Γ = 2.4± 0.1 and flux
1.1± 0.1× 10−10 erg cm−2 s−1, in the 0.1 to 100 GeV energy
range (Nolan et al. 2012).
4 Castro et al.
1x102 1x103 1x104 1x105
Energy (MeV)
1x10-13
1x10-12
1x10-11
1x10-10
1x10-9
E
2
d
N
/d
E
 (
er
g
 c
m
-2
s-
1
)
CTB 33
Figure 3. The left and middle panels show count maps around SNR G337.0–0.1. Units are 104counts deg−2, the pixel binning is 0.01◦, and the maps are
smoothed through convolution with a Gaussian distribution of width 0.2◦. The left panel shows a 10◦ × 10◦ region, where grey circles indicate the positions of
2FGL catalogued sources in the field(Nolan et al. 2012), and the white square shows the 45′×45′ region shown in the middle panel. The black contours show the
radio emission, from observations with MOST at 843 MHz. The white crosses represent the position of 2FGL sources in the field (Nolan et al. 2012), and the blue
crosses indicate the positions of OH masers (Frail et al. 1996). The white curves show the test statistic 400 and 421 contours (which correspond to significance
20σ and 21σ). The right panel shows the Fermi LAT spectral energy distribution of the source coincident with SNR G337.0–0.1. Statistical uncertainties are
shown as black error bars, and systematic errors are indicated by red bars. The solid line represent the best-fit powerlaw model to the data.
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Figure 4. The left and middle panels show count maps of front converted events in the range 2 to 200 GeV around SNR MSH 17–39. Units are 104counts deg−2 ,
the pixel binning is 0.01◦ , and the maps are smoothed through convolution with a Gaussian distribution of width 0.2◦. The left panel shows a 10◦× 10◦ region,
where grey circles indicate the positions of 2FGL catalogued sources in the field (Nolan et al. 2012), and the white square shows the 30′×30′ region shown in the
middle panel. The black contours show the radio emission from NVSS observations at 1420 MHz (Condon et al. 1998). The white cross represent the position of
the catalogued γ-ray source 2FGL J1740.4–3054c (Nolan et al. 2012), and the green cross indicates the positions of an OH maser (Frail et al. 1996). The white
curve shows the test statistic 56.25 contour (which corresponds to significance 7.5σ). The right panel shows the Fermi LAT spectral energy distribution of the
source coincident with SNR MSH 17–39. Statistical uncertainties are shown as black error bars, and systematic errors are indicated by red bars. The solid line
represent the best-fit powerlaw model to the data.
The spectrum of the γ-ray emission is shown in Figure 3
(right panel), where the best-fit power law model to the data is
also presented. For energies above 25.6 GeV only flux upper
limits are determined from the data. The best-fit model to the
photon distribution yields a spectral index of Γ = 2.4± 0.1,
and an integrated flux between 100 MeV and 100 GeV of
Fγ ≈ 4.7× 10−7(2.5× 10−10) photons/cm2/s (erg/cm2/s). At
the distance estimated from the maser velocity and recombi-
nation line observations, 11 kpc, the luminosity in this band-
pass is hence estimated to be Lγ ≈ 4× 1036 erg/s.
2.3. MSH 17–39
MSH 17–39 (G357.7–0.1, Tornado Nebula) is a bright ra-
dio source classified as an SNR due to its steep non-thermal
spectrum, high level of polarization and extended structure
(Shaver et al. 1985, and references therein). However, the ax-
isymmetric morphology of this object, revealed in high reso-
lution radio observations, is very peculiar and has led to vari-
ety of interpretations about its nature, including an extragalac-
tic “head-tail" source (Caswell et al. 1989), a synchrotron
nebula powered by en energetic pulsar wind (Shull et al.
1989), and an accretion-powered nebula (Becker & Helfand
1985). The scenario where the peculiar structure of this ob-
ject is a consequence of the SNR shock interacting with the
surrounding dense molecular material finds support in the de-
tection of a 1720 MHz OH maser, with velocity −12.4 km
s−1, coincident with the “head" of the Tornado (Frail et al.
1996). Lazendic et al. (2003) provide further evidence of
shock-molecular cloud interaction with observations of 13CO
1-0 and shock excited H2 at 2.12µm at the position and veloc-
ity. HI absorption measurements (Brogan & Goss 2003) are
consistent with the distance derived from the observed maser
velocity, 12 kpc.
Observations with Chandra show three extended sources of
X-ray emission in the direction of MSH 17–39, the bright-
est being located at the same position as that with the highest
radio flux, the “head" of the Tornado (Gaensler et al. 2003).
The spectrum of this region in the X-ray band is highly ab-
sorbed (NH ≈ 1023cm−2) and is consistent with either a col-
lisionally ionized plasma, with temperature ∼ 0.6 keV, or a
power law model (Γ> 4.5). The power law index established
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for the non-thermal emission model is rather steep and hence
not consistent with the pulsar wind nebula (PWN) scenario
(Gotthelf 2003).
The Fermi LAT γ-ray smoothed count map (in the 2-200
GeV band) of the region surrounding MSH 17–39 is shown in
Figure 4(left and middle panels). Overlaid are the test statistic
contours (TS= −2ln(− L), where L is the likelihood of the as-
sumption of a point source being located at the position of the
pixel), which clearly show a peak coincident with the position
of the radio emission from MSH 17–39, and the maser spot.
Also shown is the best-fit position of source 2FGL J1740.4–
3054c, which is located less than 0.1◦ North from the position
of the “head" of the Tornado. Nolan et al. (2012) estimate
that this source has a power law index Γ = 2.4± 0.2 and flux
7.0± 0.8× 10−11 erg cm−2 s−1, in the 0.1 to 100 GeV energy
range.
The spectrum of the γ-ray emission is shown in Figure 4
(right panel), where the best-fit power law model to the data
is also presented. For energies below 400 MeV above 6.4
GeV only flux upper limits are determined from the data. The
best-fit model to the photon distribution yields a spectral in-
dex of Γ = 2.5±0.3, and an integrated flux between 100 MeV
and 100 GeV of Fγ ≈ 2.1× 10−7(9.6× 10−11) photons/cm2/s
(erg/cm2/s). At the distance estimated from the maser veloc-
ity, 12 kpc, the luminosity in this bandpass is hence estimated
to be Lγ ≈ 2× 1036 erg/s.
3. DISCUSSION
The shocks of SNRs are known to accelerate particles to ex-
tremely high energies, as evidenced by non-thermal X-ray
emission and γ-ray observations. The population of accel-
erated particles produce γ-rays through leptonic mechanisms,
inverse-Compton (IC) scattering of ambient photons by ener-
getic electrons, and non-thermal bremsstrahlung, as well as
through the decay of neutral pions produced in the collisions
between highly energetic hadrons and ambient protons.
3.1. Modeling the broadband emission from SNRs
To reproduce the observed broadband spectral characteris-
tics of the non-thermal emission from W41, G337.0–0.1, and
MSH 17–39, we have used models to simulate emission from
both electrons and protons accelerated at the shock of each of
these SNRs. The spectral momentum distribution dNi/d p of
the accelerated particles is adopted to be:
dNi
d p = ai p
−αi exp
(
−
p
p0 i
)
, (1)
where i is the particle species (either proton or electron), and
p0 i is the exponential particle momentum cutoff. We then
transform the particle distribution to energy space, as well as
the exponential cutoff to be defined by an input energy, E0 i.
The sum of the integrals of the distributions is set to equal
the total energy in accelerated particles within the SNR shell,
ECR = θESN, where θ is the efficiency of the shock in deposit-
ing energy into cosmic rays. The electron to proton ratio at
10 GeV, which is set as an input to the model, then allows
us to calculate the values of the coefficients for the proton
and electron distributions, ap and ae respectively. The indices
of electrons and protons are set to the same value in each
model, since analytic and semi-analytic studies suggest this
is the case (Reynolds 2008). A simple geometry is assumed
for the model, where the SNR is a spherical shell of shock-
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Figure 5. Inverse Compton to pi0-decay flux ratio as a function of the particle
momentum distribution index, α. The black curve is for the photon energy
band 100 MeV to 100 GeV, and the green line indicates the flux ratio in the
100 GeV to 10 TeV range. The exponential particle energy cutoff, for both
electrons and protons, has been fixed at 1 TeV, and the electron to proton ratio
at 10 GeV is kep = 0.01. The ratio is scaled by an ambient density n0 = 1cm−3,
since the pi0-decay component is proportional to this density and the IC flux
is not.
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Figure 6. Inverse Compton to pi0-decay flux ratio as a function of the particle
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energy band 100 MeV to 100 GeV, and the green line indicates the flux ratio
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compressed material, with thickness R/12 and compression
ratio 4, expanding into a uniform medium of density n0.
The pi0-decay emission mechanism model is based on
that from Kamae et al. (2006) using a scaling factor of 1.85
for helium and heavier nuclei (Mori 2009), as described in
Castro & Slane (2010). The synchrotron and inverse Comp-
ton (IC) emission components follow the models presented
in Baring et al. (1999, and references therein), and the non-
thermal bremsstrahlung emission is modeled using the pre-
scription presented in Bykov et al. (2000). The ambient pho-
ton field used in the inverse Compton model is that of the Cos-
mic Microwave Background (CMB), kTCMB = 2.725 K, and
distances to the SNRs established through other observations
are adopted. The electron to proton ratio, postshock magnetic
field strength (B2), ambient density, and cut-off energy of the
particles were adjusted to build the leptonic or hadronic sce-
narios, and for the broadband spectrum to fit the observations.
While the emission volumes of all the gamma-ray radiation
mechanisms is expected to be the approximately the same, if
the magnetic field occupies a fraction fB < 1 of the volume of
the shell, the synchrotron radiation emitting volume will be
smaller than those of the others (Lazendic et al. 2004). Since
we do not incorporate this filling factor in this single-zone
model, the values derived from the fits will underestimate the
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Figure 7. Nonthermal Bremsstrahlung to pi0-decay flux ratio as a function
of the particle momentum distribution index, α. The black curve is for the
photon energy band 100 MeV to 100 GeV, and the green line indicates the flux
ratio in the 100 GeV to 10 TeV range. The exponential particle energy cutoff,
for both electrons and protons, has been fixed at 1 TeV, and the electron to
proton ratio at 10 GeV is kep = 0.01.
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Figure 8. Nonthermal Bremsstrahlung to pi0-decay flux ratio as a function
of the particle distribution exponential energy cutoff. The black curve is for
the photon energy band 100 MeV to 100 GeV, and the green line indicates the
flux ratio in the 100 GeV to 10 TeV range. The particle spectral momentum
distribution index α, for both electrons and protons, is set to 3.6 (dotted), 4.0
(solid) and 4.4 (dashed). The electron to proton ratio at 10 GeV is fixed at
kep = 0.01.
magnetic field by a factor of f −2/(α−1)B .
In order to constrain the parameter space it is useful to con-
sider which processes might dominate given different parti-
cle distribution characteristics. Below we illustrate how the
inverse Compton and non-thermal Bremsstrahlung flux com-
pare to the pi0-decay emission over some of the parameter
space. The relativistic electron to relativistic proton ratio de-
termined in observations of cosmic ray abundances at Earth is
kep = 0.01 (Hillas 2005). Hence we assume this value when
comparing pi0-decay emission with both the leptonic mecha-
nisms.
Figures 5 and 6 show how the inverse Compton to pi0-decay
flux ratio varies as a function of spectral index and exponen-
tial particle energy cutoff respectively. The ratio is scaled by
a factor of 1 cm−3/n0 since the hadronic component is pro-
portional to the density of the medium, unlike IC emission.
Curves are shown for the flux ratios in two bands: black lines
denote predictions for energies typical of Fermi-LAT obser-
vations of SNRs, 100 MeV to 100 GeV, and green lines trace
those for the energy range typically covered by ground based
Cerenkov telescopes, i.e. 100 GeV to 10 TeV.
This analysis suggests that if kep = 0.01, as expected, and
the density of the interstellar or circumstellar medium is on
average larger than 1 cm−3, the hadronic component is ex-
pected to dominate over IC in both the 0.1-100 GeV and the
0.1-10 TeV bands. Only for spectral indices harder than 1.8
and cutoff energies higher than 0.5 TeV does the model pre-
dict IC to match or surpass hadronic emission in the LAT en-
ergy band. At higher densities, typical in environments such
as those of SNRs interacting with molecular clouds, the model
suggests emission from pion decay will be the more signifi-
cant component of the γ-ray flux.
The comparison between nonthermal Bremsstrahlung and
pi0-decay flux is shown in Figures 7 and 8. Since the pre-
dicted emission form both mechanisms is proportional to the
ambient medium density no scaling is required.
The model predicts that in the Fermi-LAT energy range, the
flux from the accelerated hadrons colliding with the ambient
material will dominate over the non thermal Bremsstrahlung
for all particle distributions considered. The electron to pro-
ton ratio kep must be larger than ∼ 0.1 (10 times the value
derived from cosmic ray detection experiments) for this lep-
tonic mechanism to significantly contribute to the γ-ray flux
in the MeV-GeV band in comparison to pi0-emission.
Since we do not expect bremsstrahlung to dominate in the
Fermi-LAT energy band for reasonable sets of parameters, we
consider two main scenarios for the origin of the observed
γ-ray flux from each of the SNRs W41, G337.0–0.1, and
MSH 17–39: sets where the IC emission dominates, and oth-
ers where pi0-decay is the main emission mechanism.
For hadronic models, since the γ-ray flux is proportional to
the ambient density and total energy in cosmic ray protons,
these two parameters are degenerate. Hence, we fix the total
energy in accelerated particles at ECR ≡ ECR,p + ECR,e = 4×
1050 erg. This value represents a reasonable upper limit for the
fraction of energy deposited in CRs for a supernova remnant
produced by a 1051 erg explosion. For the inverse Compton
dominated cases we vary the total CR energy and kep so as
to simultaneously fit the data and limit the hadronic emission
contribution to a maximum of 20% of the total γ-ray flux in
the Fermi-LAT range.
The IC γ-ray flux might be enhanced by the presence of
additional photon fields to the CMB, such as the infrared (IR)
emission from interstellar dust (T ∼ 5 K) or ambient starlight
(Strong et al. 2000), or IR emission from warm dust in the
SNR itself. For each of the Fermi-LAT sources studied, we
briefly comment on how adding these additional components
impacts the results of the model.
3.2. SNR W41 and its field
3.2.1. Emission from the SNR
In order to determine the origin of the γ-ray emission in the di-
rection of W41 we fit its broadband spectrum using the model
described above. Figure 9 shows the model fits to the broad-
band emission observed from SNR W41. The radio spectrum
is a combination of observations at 20 cm, 10 cm and 6 cm
(Altenhoff et al. 1970), 90cm (Kassim 1992), and additional
data at 20cm (Tian et al. 2007). The HESS very high energy
γ-ray spectrum is that obtained by Aharonian et al. (2006).
The solid black line is the total nonthermal emission predicted
by the model. The modeled spectra from IC emission (dot-
dashed), pi0-decay (dashed), and nonthermal bremsstrahlung
(dotted), are also shown.
The two different sets of parameters required for the lep-
tonic and hadronic scenarios are summarized in Table 1.
The hadronic scenario is the most favorable since the fit is
adequate and all parameters are within reasonable ranges.
As described in §3.1, the mean ambient density derived is
n0 ∼ 4(4× 1050 erg/ECR)(d/4.2 kpc) cm−3. Given the dis-
tance and the SNR radius determined through radio obser-
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Table 1
Input Model Parameters
SNR Model α E0,e E0,p kep n0 B2
a d ECR,p ECR,e
(TeV) (cm−3) (µG) (kpc) (1050 erg)
W41 Hadronic 4.00 13 13 0.001 4.00 180 4.2 3.994 0.006Leptonic 3.95 4.5 4.5 0.13 9.00 35.0 4.2 0.365 0.065
G337.0–0.1 Hadronic 4.00 0.1 0.1 0.01 60.0 9.0 11 3.912 0.088Leptonic 3.60 0.3 0.3 0.5 0.08 0.2 11 17.87 9.128
MSH 17–39 Hadronic 4.00 0.1 0.1 0.01 18.0 140 12 3.912 0.088Leptonic 3.95 0.3 0.3 0.5 0.50 3.0 12 9.722 8.278
a B2 is the magnetic field immediately behind the shock, and is scaled by a factor f −2/(α−1)B , to ac-
count for the magnetic field occupying a fraction fB of the SNR shell volume.
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Figure 9. Broadband fits to radio (blue squares, Tian et al. 2007), Fermi-
LAT (black circles), and HESS (green diamonds, Aharonian et al. 2006) ob-
servations of W41 with the hadronic (top), and leptonic (bottom)) models.
The solid black line is the total nonthermal emission predicted by the model.
The modeled spectra from inverse Compton emission (dot-dashed), pi0-decay
(dashed), and nonthermal bremsstrahlung (dotted), are also shown.
vations RW41 ≈ 18(d/4.2 kpc) pc (Leahy & Tian 2008), this
mean density would imply the shock has swept-up Msw &
3× 103M⊙. If we then assume the supernova explosion en-
ergy available for shock heating and expansion to be 0.6×1051
erg, and we use the simple analytic treatment prescribed in
Castro et al. (2011), the resulting age and shock velocity are
t ∼ 7×104 years and VS ∼ 110 km/s, respectively. Such a low
shock velocity would not be expected to result in significant
thermal X-ray emission, where, even at thermal equilibrium
among shock heated particles, the resulting electron tempera-
ture would be kTe ∼ 10−2 keV.
This parameter set requires the exponential cutoff energy
of the proton distribution to be∼ 13 TeV. However, the cutoff
for the electron particle distribution is not constrained by the
observational data obtained up to date (the results quoted in
Table 1 and illustrated in the top panel of Figure 9 are for
E0,e = E0,p).
The fit for the leptonic dominated model requires a total en-
ergy in cosmic ray electrons ECR,e = 6.5×1048 erg. The spec-
tral shape of the Fermi-LAT and HESS data points requires
contributions from both the inverse Compton and nonthermal
Bremsstrahlung for an appropriate fit. Therefore, since the
density and cosmic ray electron energy are constrained by the
data, for the hadronic component not to disrupt the fit to the
observed γ-rays, the electron to proton ratio required is an
order of magnitude larger than expected, i.e. kep & 0.13.
To investigate the effects of additional photon fields to the
CMB on the IC dominated scenario, the observed γ-ray flux
was fit by setting the electron to proton ratio at kep = 0.01 and
the total energy in cosmic rays at Ecr = 4× 1050 erg, and all
other parameters at the values shown for the leptonic model
in Table 1. The required photon field energy density obtained
was 20 times that of the CMB, for a component with tem-
perature T = 25K (characteristic of interstellar dust). This is
higher than expected from such photon field anywhere in our
Galaxy (Strong et al. 2000). Both ambient starlight and emis-
sion from warm SNR dust have higher characteristic temper-
atures, and hence even larger photon field energy densities
would be required. We conclude that from the two scenarios
where the origin of the γ-ray emission detected by HESS and
Fermi-LAT results from particles accelerated at the shock of
W41, the hadronic case is certainly the most compelling.
3.2.2. Other possible γ-sources in the region
There are several other sources in the field which should be
considered as possibly associated with the γ-ray emission de-
tected with Fermi-LAT and HESS. Below we outline these
alternative hypotheses and evaluate their merits.
The 85 ms pulsar PSR J1833–0827 lies to the NW of SNR
W41, approximately 20′ away from the centroid of the Fermi-
LAT source. Gaensler & Johnston (1995) concluded that it
was possibly associated with the supernova remnant and its
distance, 4-5 kpc derived kinematically from H I absorption
observations (Weisberg et al. 1995), is consistent with such
scenario. However, the spin down luminosity of this pulsar is
E˙ = 5.8×1035 erg/s, approximately all of which would be re-
quired to power the γ-ray emission detected with Fermi-LAT,
Lγ ≈ 5× 1035 erg/s. Moreover, the positions of the HESS
source and the Fermi-LAT source do not seem consistent with
being associated with this pulsar.
There is a compact X-ray source XMMU J183435.3–
084443/CXOU 183434.9–084443 located at the center of
W41 and within the extent of the HESS and Fermi-LAT emis-
sion (Mukherjee et al. 2009; Misanovic et al. 2011). The X-
ray emission of this source appears to have a strongly ab-
sorbed power law spectrum, and Misanovic et al. (2011) de-
tected evidence of compact, r . 20′′ extended emission re-
solved around a point-like source. (Mukherjee et al. 2009)
proposed that this source could be a pulsar surrounded by
a PWN, and that it would be responsible for the TeV γ-ray
emission detected. In the PWN scenario, the energetics of the
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system can be the estimated combining the observed X-ray
luminosity, LX ∼ 4×1033 erg s−1 at an estimated distance of 4
kpc, and the LX –E˙ relation (e.g. Kargaltsev & Pavlov 2008).
Hence, the spin-down power of the putative pulsar is esti-
mated to be E˙ ∼ 1036 − 1037 erg s−1. The luminosity in the
Fermi-LAT range, Lγ = 2× 1035 erg s−1, would require an
efficiency of Lγ/E˙ ∼ 10%. While it is not possible to rule
this scenario, it appears an unlikely association to the γ-ray
source given large relative extent of these compared to the X-
ray emission.
Most recently, an additional high energy source has been
detected in this already crowded region, the magnetar Swift
J1834.9–0846. A short burst from this source triggered
the Swift Burst Alert Telescope (BAT) in August 2011
(D’Elia et al. 2011). Approximately 3.3 hr later another
burst resembling a soft gamma-ray repeater (SGR) triggered
the Fermi Gamma Ray Burst Monitor (GBM) (Guiriec et al.
2011). Follow up observations have determined pulsation pe-
riod from this source to be P∼ 2.48 s (Gogus & Kouveliotou
2011), its period derivative P˙ = 8× 10−12 s s−1 and magnetic
field B = 1.4× 1014 G (Kargaltsev et al. 2012). Younes et al.
(2012) detected extended, r ∼ 2.5′ X-ray emission around the
magnetar using Chandra, and they argued that this could be
understood as evidence of a magnetar wind nebula around
Swift J1834.9–0846. The scenario where the γ-ray emis-
sion detected in this region results from either the magnetar
or its wind nebulae is unlikely because, similarly to XMMU
J183435.3–084443/CXOU 183434.9–084443, the extension
of this X-ray source does not seem to match that detected in
the GeV range.
Additionally, we performed a pulsation search for the mag-
netar in γ-rays using Fermi-LAT data from the start of mis-
sion to November 30, 2012. We extracted events from within
a search radius of 2 degrees centered on the magnetar, us-
ing an energy range of 100 MeV to 300 GeV and a zenith
angle maximum of 100 degrees. Using the ephemeris from
Kargaltsev et al. (2012), we searched for pulsations using
gtpsearch. Based on the uncertainties in P and P˙, we searched
a period range from 2.4815439 s to 2.4815465 s (at the start of
the time series), corresponding to ∼ 58 Fourier-independent
periods, oversampled by a factor of ∼ 3. For the nominal pe-
riod, the full uncertainty range in P˙ corresponds to a shift of
nearly 0.75 in phase over the full length of the observation.
We thus performed the search for the full P˙ uncertainty range
using 6 equally-spaced steps in P˙.
Using a ZN test for a single harmonic, the search yielded a
maximum statistic of Z2 = 10.87 at a period of 2.4815444 s
with a chance probability of ∼ 0.77 after accounting for tri-
als in the P and P˙ search. We therefore find no statistically
significant evidence for γ-ray pulsations from the magnetar.
We cannot rule out steady emission from the magnetar, but
consider it more likely that the γ-rays originate from W41.
3.3. SNRs G337.0–0.1 and MSH 17–39
The broadband fits to the observations of G337.0–0.1 and
MSH 17–39 are shown in Figures 10 and 11 respectively, and
the best fit parameters are presented in Table 1. The radio data
of G337.0–0.1 are those obtained by Sarma et al. (1997) from
ATCA observations, and the radio spectrum of MSH 17–39
is a combination of observations with the MOST, Mills Cross
and Parkes 64m telescopes (Dickel et al. 1973; Caswell et al.
1975; Milne & Dickel 1975; Caswell et al. 1980; Gray 1994).
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Figure 10. Broadband fits to radio (blue squares, Tian et al. 2007), and
Fermi-LAT (black circles) observations of G337.0–0.1 with the hadronic
(top), and leptonic (bottom)) models. The solid black line is the total non-
thermal emission predicted by the model. The modeled spectra from in-
verse Compton emission (dot-dashed), pi0-decay (dashed), and nonthermal
bremsstrahlung (dotted), are also shown.
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Figure 11. Broadband fits to radio (blue squares, Tian et al. 2007), and
Fermi-LAT (black circles) observations of MSH 17–39 with the hadronic
(top), and leptonic (bottom)) models. The solid black line is the total non-
thermal emission predicted by the model. The modeled spectra from in-
verse Compton emission (dot-dashed), pi0-decay (dashed), and nonthermal
bremsstrahlung (dotted), are also shown.
In both G337.0–0.1 and MSH 17–39 the hadronic scenarios
are successful in fitting the observations and provide reason-
able parameter sets. The ambient densities derived assuming
the observed γ-ray emission results from pi0-decay are ap-
proximately 60d11 and 18d12 cm−3 respectively, given a total
energy in cosmic rays of 4× 1050 erg.
In contrast to the hadronic model fits, inverse Compton
dominated scenarios, for both G337.0–0.1 and MSH 17–
39, require total energies in accelerated electrons (ECR,e ∼
1051erg) which are much higher than expected. Hence lep-
tonic emission is not likely to be the dominant mechanism
behind the observed γ-rays. Even if we assume an electron to
proton ratio ∼ 0.5, approximately 50 times the ratio derived
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from CR observations at Earth, the resulting total energy in
cosmic rays would far exceed the canonical value of ejecta ki-
netic energies of supernova explosions, also 1051 erg. There
are uncertainties related to distances derived using Galactic
rotational curves and kinematic information, especially for
objects at longitudes close to the Galactic center, and hence
some of the derived parameters could be somewhat different.
For example, if the distances to these SNRs are smaller by a
factor of 3, the total energy in cosmic ray electrons required
to fit the observations would be ∼ 1050 erg. Considering the
electron to proton ratio observed at Earth such electron ener-
gies would still suggest unreasonably large amounts of total
energy in cosmic rays.
In order to investigate the effect of additional photon fields
to the CMB on IC dominated cases, the observed γ-ray flux of
the remnants was fit by setting the electron to proton ratio at
kep = 0.01 and the total energy in cosmic rays at Ecr = 4×1050
erg, and all other parameters at the values shown for leptonic
models in Table 1. The required photon field energy density
obtained was 600 and 2000 times the CMB energy density for
G337.0–0.1 and MSH 17–39 respectively, for a component
with temperature T = 25K (characteristic of interstellar dust).
These are much higher than expected from such photon fields
anywhere in our Galaxy. Both ambient starlight and emission
from warm SNR dust have higher characteristic temperatures,
and hence even larger photon field energy densities would be
required.
4. SUMMARY
Using observations with the Fermi-LAT, we have reported
and studied γ-ray emission from three SNRs known to be
interacting with molecular clouds, W41, G337.0–0.1, and
MSH 17–39. Their radio and γ-ray spectra are fit using a
broadband model of non-thermal emission from SNRs. This
is a simple, spherically symmetric model which allows for
approximate conclusions to be drawn about the origin of the
observed emission. In all three cases a hadronic origin for
the γ-ray flux observed is preferred by the model to leptonic
scenarios. In the case of W41, other possible sources of the
MeV-GeV emission are considered, such as a magnetar and
a pulsar wind nebulae in the field, and while these cannot be
ruled out completely, the nature of the Fermi-LAT observa-
tions favors the SNR origin.
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